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Abstract: We synthesized a series of polystyrene derivatives containing various side chain terminal moieties, such 
as phenoxymethyl, 4-methoxyphenoxymethyl, 4-fluorophenoxymethyl, 4-methylphenoxymethyl, and 4-trifluo- 
romethoxyphenoxymethyl groups, using polymer analogous reactions, rQ order to investigate the effect of the side 
group on their liquid crystal (LC) alignment behaviors. The polymers containing 4-fluorophenoxymethyl, 4-meth- 
ylphenoxymethyl, or 4-trifluoromethoxyphenoxymethyl side groups had lower surface energy values and the LC 
cells fabricated using the unrubbed films of these polymers showed homeotropic LC alignment behavior. The LC 
cells fabricated usiag the rubbed films of the polymers containing phenoxymethyl or 4-fluorophenoxymethyl groups 
showed homogeneous planar LC alignment behavior in which the LCs were aligned perpendicular to the rubbing 
direction. This homogeneous planar and perpendicular alignment behavior was ascribed to the favorable anisotropic 
interactions between the LC molecules and the side groups preferentially oriented perpendicular to the rubbing 
direction. 

Keywords: liquid crystal, alignment, polystyrene. 



Introduction 

Liquid crystal (LC) alignment behavior on polymer sub- 
strates has been studied very widely due to the practical 
applications in the liquid crystal display (LCD) industry. ^"^ 
The mechanical rubbing of polyimide (PI) surfaces is the 
most commonly used technique for producing LC align- 
ment layers, ^""^^ which can induce stable homogeneous pla- 
nar LC alignment^ ^'^^ or homeotropic LC alignment. ^"^'^^ The 
LC alignment properties such as the pretilt angle and elec- 
tro-optical (E-O) performance on polyimide surfaces are 
known to be affected by the molecular structure of the poly- 
imide such as the flexibility of the polymer backbone, iso- 
meric structure of the mesogen end groups, spacer length, 
and spacer conformation in the side chains.^^ For example, 
the pretilt angle of the LCs on polyimide surfaces with rigid 
aromatic side groups is 0.6°, while that of the LCs on poly- 
imide surfaces with flexible alkyl side groups is high above 
89.6'^.^^ The different E-O properties of the LC cells made 
from polyimides having flexible w-alkyl side groups and 
fluorinated side groups were also reported.^"^ 

The mechanical rubbing of polystyrene (PS) surfaces can 
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also produce homogeneous planar LC alignment layers, 
where the LC molecules are aligned perpendicular to the 
rubbing direction.^^"^^ However, this perpendicular LC 
alignment produces a very low pretilt angle of about 0°^^'^^ 
as well as a weak azimuthal anchoring energy of less than 
10"^- 10'^ J/m^,^^'^^ which is too low to produce a stable LC 
cell for practical applications in LCD devices. The homoge- 
neity of an LC cell fabricated with the rubbed PS film is lost 
after 1 day.^^"^^ Recently, we found that the rubbed films of 
polystyrene derivatives containing coumarin side groups 
can produce very stable LC alignment layers having a high 
azimuthal anchoring energy of about 7x10"^ J/m^ and the 
LC cells made from the rubbed films of these polymers 
maintain their LC aligning ability at elevated temperatures 
of about 150 ""C.^"^ These LC cells show good E-O properties 
similar to those of LC cells prepared from rubbed commer- 
cial polyimide films. We also found that the LC cell fabri- 
cated with the unrubbed film of 2-naphthoxymethyl- 
substituted polystyrene exliibited homeotropic LC align- 
ment behavior with a high pretilt angle of approximately 
90°?^ In these cases, the additional phenyl groups in the side 
chain of polystyrene were found to be the key factor in 
improving the LC alignment properties and inducing stable 
alignment behavior through increased ;r-;r interactions and 
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steric effects. 

In this study we synthesized a series of polystyrenes hav- 
ing various additional phenoxymethyl side groups (Figure 
1) in order to further understand the LC alignment behavior 
of the polystyrene derivatives. The synthesis and character- 
ization of these polymers and the optical properties of the 
LC cells fabricated with the unrubbed or rubbed polymer 
films are investigated in this paper. 

Experimental 

Materials. Phenol, 4-fluorophenol, 4-methoxyphenol, 4- 
methylphenol, 4-trifluoromethoxyphenol, 4-chloromethyl- 
st5n:ene, and potassium carbonate were purchased from Aid- 
rich Chemical Co. and nematic LC (5CB) was purchased 
from Merck Co. 7V,7V-Dimethylacetamide (DMAc) was 
dried over molecular sieves (4 A). Tetrahydrofuran (THF) 
was dried by refluxing it with benzophenone and sodium 
followed by distillation. 4-Chloromethylstyrene (Aldrich) 
was purified by column chromatography on silica gel using 
«-hexane as the eluent to remove any impurities and inhibi- 
tors such as /er/-butylcatechol and nitroparaffin. 2,2'-Azobi- 
sisobutyronitrile (AIBN, Junsei Chemical Co. Ltd.) was 
used as an initiator. AIBN was purified by recrystallization 
using methanol. Poly(chloromethylstyrene) (PCMS of M„ 
=18,500 and MJM„=2A0 and 7^=106 ''C) and polystyrene 
(PS of M„-37,000 and MJM =2.02 and 2^=104 °C) were 
obtained through the conventional free radical polymeriza- 
tion of 4-chloromethylstyrene (10.0 g, 65.8 mmol) and sty- 
rene (2.0 g, 19.2 mmol) using AIBN (2.0 wt% based on 
monomer) in dried THF (20 mL) under a nitrogen atmo- 
sphere, respectively.^^ All other reagents and solvents were 
used as received. 

Preparation of Phenoxymethyl-Substituted Polystyrene 
(PHP). A mixture of phenol (0.56 g, 5.92 mmol, 180 mol % 
compared with PCMS) and potassium carbonate (0.91 g, 
6.58 mmol, 200 mol % compared with PCMS) inN,N'-dim- 
elhylacetamide (DMAc, 10 mL) was heated to 80 °C. PCMS 
(0.5 g, 3.29 mmol) solution in DMAc (10 mL) was added to 
the mixture and then magnetically stirred at 80 '^C for 12 h 
under a nitrogen atmosphere. The solution mixture was 
cooled to room temperature and then poured into methanol 
to obtain a white precipitate. The precipitate was further 
purified by several reprecipitations from DMAc solution 
into methanol and then washed with water to remove any 
potassium carbonate and remaining salts. The product was 
obtained in a yield of above 80% after dried under a vacuum 
overnight. 

The degree (%) of substitution was calculated by compar- 
ing the multiplet at 6.2-7.0 ppm (5H) with the backbone peak 

at 1.0-2.3 ppm (3H), wliich included the contribution of the 
residual poly(chloromethylstyrene) and found to be about 
100%. 

^HNMR (CDCI3): ^=1.0-1.5 (m, 2H, -C7/2-CH-Ph-), 1.6-2.3 



(m, IH, -CH2-C//-Ph-), 4.7-5.1 (s, 2H, -Ph-C//2-0-), 6.2-6.8 
(m, 2H, -CH2-0-Ph^, 6.8-7.0 (m, 3H, -CHs-O-Ph^), 7.0-7.2 
(m, 2H, -CH-Ph//-CH2-0-), 7.2-7.4 (m, 2H, -CH-Ph/f-CHs-O-). 

IR (KBr): 2923 (asymmetric aliphatic C-H stretcliing), 
2856 (symmetric aliphatic C-H stretching), 1607 (ring C=C 
stretching), 1508 (ring C=C stretching of the phenyloxy unit). 

Preparation of 4-Methoxyphenoxymethyl-Substituted 
Polystyrene (P4MOP). P4MOP was synthesized using the 
same procedure as that used for the preparation of PHP, 
except that 4-melhoxyphenol (0.73 g, 5.92 mmol, 180 mol % 
compared with PCMS) was used instead of phenol. The 
product was obtained in a yield of above 75%. 

The degree (%) of substitution was calculated by compar- 
ing the singlet at 3.6-3.8 ppm (3H) with the backbone peak 
at 1.0-2.3 ppm (3H) which included the contribution of the 
residual poly(chloromethylstyrene) and found to be about 
100%. 

^H NMR (CDCI3): <^=1.0-2.3 (m, 3H, -Ci/s-CiZ-Ph), 3.6- 
3.8 (s, 3H, -0-Ph-0C//3), 4.6-5.0 (s, 2H, Ph-C/f2-0-), 6.1-6.7 
(m, 4H, -O-PI1//-OCH3), 6.7-7.2 (m, 4H, -CH-Ph//-CH2-). 

IR (KBr): 2923 (asymmetric aliphatic C-H stretching), 
2856 (s)nTimetric aliphatic C-H stretching), 1607 (ring C=C 
stretching), 1508 (ring C=C stretching of the phenyloxy unit). 

Preparation of 4-Fluorophenoxymethyl-Substituted 
Polystyrene (P4FP). P4FP was synthesized using the same 
procedure as that used for the preparation of PHP, except 
that 4-fluorophenol (0.664 g, 5.92 mmol, 180 mol % com- 
pared with PCMS) was used instead of phenol. The product 
was obtained in a yield of above 80%. 

The degree (%) of substitution was calculated by compar- 
ing the multiplet at 6.1-7.1 ppm (4H) with the backbone 
peak at 0.8-2.3 ppm (3H) which included the contribution 
of the residual poly(chloromethylstyrene) and found to be 
about 100%. 

Other 4-fluorophenoxymethyl-substituted polystyrenes hav- 
ing different degree of substitution (P4FP#) were synthesized 
using the same procedure as that used for the preparation of 
P4FP except for the amount of 4-fluorophenol in the reac- 
tion. For example, P4FP80, P4FP60, P4FP40, and P4FP20, 
where the numbers indicate the mole percent of 4-fluo- 
rophenoxy containing monomeric units in the polymer, were 
prepared with 4-fluorophenol of 0.29 g (2.63 mmol), 0.22 g 
(1.97 mmol), 0.15 g (1.32 mmol), and 0.07 g (0.66 mmol), 
respectively, with potassium carbonate of 0.91 g (6.58 
mmol, 200 mol %). 

^H NMR (CDCI3): ^=0.8-2.3 (m, 3H, -CH2-CH-Vh), 4.6- 
5.1 (s, 2H, Ph-C//2-0-), 6.1-6.7 (m, 2H, -0-Ph//-F), 6.7-7.1 
(m, 2H, -0-FhH-¥), 7.1-7.4 (m, 4H, -CH-PI1//-CH2-). 

IR (KBr): 2923 (asymmetric aliphatic C-H stretching), 2856 
(symmetric aliphatic C-H stretching), 1607 (ring C=C stretch- 
ing), 1508 (ring C^C stretching of the phenyloxy unit), 1198 
(stretching vibrational mode of aromatic C-F). 

Preparation of 4-Methylplienoxymethyl-Substitued 
Polystyrene (P4MP). P4MP was synthesized using the 
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same procedure as that used for the preparation of PHP, 
except that 4-methylphenol (0.64 g, 5.92 mmol, 180 mol % 
compared with PCMS) was used instead of phenol. The 
product was obtained in above 75% yield after drying over- 
night in a vacuum. 

The degree (%) of substitution was calculated by compar- 
ing the singlet at 2.1-2.4 ppm (3H) with the backbone peak 
at 1.0-2.1 ppm (3H) which included the contribution of the 
residual poly(chloromethylstyrene) and found to be about 
100%. 

Other 4-methylphenoxymethyl-substitued polystyrenes hav- 
ing different degree of substitution (P4MP#) were S3nthesized 
using the same procedure as that used for the preparation of 
P4MP except for the amount of 4-melhylphenol in the reaction. 
For example, P4MP80, P4MP60, P4MP40, and P4MP20, 
where the numbers indicate the mole percent of 4-meth- 
ylphenoxy containing monomeric units in the polymer, 
were prepared with 4-methylphenol of 0.28 g (2.63 mmol), 
0.21 g (1 .97 mmol), 0.14 g (1 .32 mmol), and 0.07 g (0.66 mmol), 
respectively, with potassium carbonate of 0.91 g (6.58 
mmol, 200 mol %). 

^HNMR (CDCI3): ^=1.0-1.5 (m, 2H, -Ci/2-CH-Ph-), 1.6-2.1 
(m, IH, -CH2-C//-Ph-), 2.1-2.4 (s, 3H, -O-Ph-CZ/s), 4.6-5.1 
(s, 2H, -Ph-C//2-0-), 6.1-6.6 (m, 2H, -O-Ph/f-CHs), 6.6-6.9 
(m, 2H, -O-Ph^Z-CHs), 6.9-7.2 (m, 4H, -CH-Ph//-CH2-0-). 

IR (KBr): 2923 (asymmetric aliphatic C-H stretching in 
the vinyl backbone and 4-methylphenoxy side groups), 2856 
(symmetric aliphatic C-H stretching in the vinyl backbone 
and 4-methylphenoxy side groups), 1 607 (ring C=C stretch- 
ing), 1508 (ring C=C stretching of the phenyloxy unit). 

Preparation of 4-Trifluoromethoxypheiioxymethyl-Sub- 
stituted Polystyrene (PTFMOP). PTFMOP was synthesized 
using the same procedure as that used for the preparation of 
PHP, except that 4-trifluoromethoxyphenol (1.05 g, 5.92 mmol, 
180 mol % compared with PCMS) was used instead of phe- 
nol. The product was obtained in a yield of above 75%. 

The degree (%) of substitution was calculated by compar- 
ing the multiplet at 6.2-7.2 ppm (4H) with the backbone 
peak at 1.1-2.3 ppm (3H) which included the contribution 
of the residual poly(chloromethylstyrene) and found to be 
about 100%. 

Other 4-1rifluoromethoxyphenoxymethyl-substituted poly- 
styrenes having different degree of substitution (PTFMOP#) 
were synthesized using the same procedure as that used for 
the preparation of PTFMOP except for the amount of 4-tri- 
fluoromelhoxyphenol in the reaction. For example, PTFMOP80, 
PTFMOP60, PTFMOP40, and PTFMOP20, where the num- 
bers indicate the mole percent of 4-trifluoromethoxyphenoxy 
containing monomeric units in the polymer, were prepared 
with 4-trifluorome1hoxyphenol of 0.47 g (2.63 mmol), 0.35 g 
(1.97 mmol), 0.23 g (1.32 mmol), and 0.12 g (0.66 mmol), 
respectively, with potassium carbonate of 0.91 g (6.58 mmol, 
200 mol %). 

^HNMR (CDCI3): ^1.1-2.3 (m, 3H, -Ci/2-Ci/-Ph), 4.7-5.0 



(s, 2H, Ph-C//2-0-), 6.2-7.2 (m, 4H, -O-Ph/Z-OCFg), 6.9-7.2 
(m, 4H, -CH-Ph//-CH2-). 

IR (KBr): 2923 (asymmetric aliphatic C-H stretching), 
2856 (symmetric aliphatic C-H stretching), 1607 (ring C^C 
stretching), 1508 (ring C=C stretching of the phenyloxy 
unit), 1245 (stretching vibrational mode of CF3). 

Film Preparation and LC Alignment Process. Solu- 
tions of PHP, P4FP, P4FP#, P4MP, P4MP#, PTFMOP, and 
PTFMOP# in toluene (2 wt%) and P4MOP in CHCI3 (2 
wt%) were prepared. These solutions were filtered using a 
PTFE membrane with a pore size of 0.45 jim. Thin films of 
the polymers were prepared by spin-coating (2,000 rpm, 30 
sec) them onto 1.5 cmxl.5 cm ITO coated glass substrates. 
The polymer films were rubbed using a rubbing machine 
(RMS-50-M, Nam II Optical Components Corp.). The rub- 
bing density equation is written as Z//^7V[(27Z7W60v)-l], 
where L is the total length of the rubbing cloth (mm), / is the 
contact length of the circumference of the rubbing roller 
(mm), N is the cumulative number of rubbings, n is the 
speed (rpm) of the rubbing roller, r is the radius (cm) of the 
rubbing roller, and v is the velocity (cm/s) of the substrate 
stage.^^'^^ 

LC Cell Assembly. Twisted nematic (TN) and antiparal- 

lel LC cells were fabricated using the unrubbed or rubbed 
polymer films onto ITO coated glass slides. The TN LC 
cells were made by assembling the films together orthogo- 
nally with respect to the rubbing direction for the unrubbed 
or rubbed films using spacers with a thickness of 6.5 \xm. 
The antiparallel LC cells were constructed by assembling 
the films together antiparallel with respect to the rubbing 
direction using spacers with thicknesses of 50 and 6.5 fim. 
The LC cells were filled with a nematic LC (5CB) (Merck 
Co., «e=1.736, Wo=l-5442, and Ae=l4.5, where Wg, rio, and 
Ae represent the extraordinary refi:HCtive index, ordinary 
refractive index, and dielectric anisotropy, respectively), in 
an isotropic state to avoid creating flow alignment through 
capillary action, and were then sealed with epoxy. 

Instrumentation. The ^H NMR measurements were car- 
ried out on a Bruker AVANCE spectrometer at 300 MHz. 
The FTIR spectra were recorded at a resolution of 4 cm'^ 
and the interferograms were accumulated 32 times. Gel per- 
meation chromatography (GPC) was used to measure the 
number average molecular weight (M„) and polydispersity 
index (MyJM„) of the synthesized polymer with respect to 
polystyrene standards using tetrahydrofiiran (THF) as the 
eluent and a UV detector. Differential scanning calorimetry 
(DSC) measurements were carried out on a TA instruments 
2920 at a heating and cooling rate of 20 *^C/min under a 
nitrogen atmosphere. Thermal gravimetric analysis (TGA-2050, 
TA instrument) was used to investigate the thermal stability 
of the polymer samples. The samples were heated from 
room temperature to 800 '^C at a heating rate of lO^C/min 
under a nitrogen atmosphere. The polarized FTIR measure- 
ments of the rubbed polymer films with a rubbing density of 
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100 were carried out using a Perkin Elmer Spectrum 2000 
spectrometer equipped with a polarizer. The polymer films 
used for the FTIR measurements were prepared by spin 
coating (1,000 rpm, 30 sec) 3 wt% PHP, P4FP, P4MP, and 
PTFMOP solutions in toluene and a 3 wt% P4MOP solution 
in CHCI3 onto a silicon wafer. The contact angles of dis- 
tilled water and methylene iodide on the polymer films were 
detennined with a Kruss DSAIO contact angle analyzer 
equipped with drop shape analysis software. The Owens- 
Wendt's equation was applied to calculate the surface 
energy values from the contact angles.^^ The LC alignment 
direction of the antiparallel LC cells was investigated by 
measuring the angular dependence of the absorbance of a 
dichroic dye (disperse blue 1) dissolved in 5CB at a concen- 
tration of 1 wt% on the rotation angle of the samples using 
optical apparatus equipped with a He-Ne laser, a polarizer, 
and a pho todiode detector.^^ The pretilt angle of the antipar- 
allel LC cells was measured by the crystal rotation 
method.^^ The cell gap was measured before filling the LCs 
using a spectrophotometer (Ocean Optics Inc., S 2000). The 
polarized optical microscopy (POM) images of the LC cell 
were taken using an optical microscopy (Nikon, ECLIPSE 
E600 POL) equipped with a polarizer and digital camera 
(Nikon, COOLPIX995). 

Results and Discussion 

Figure 1 shows the synthetic routes to the phenoxyme- 
thyl-substituted polystyrene (PHP, P4MOP, P4FP, P4MP, 
and PTFMOP) and copolymers of P4FP, P4MP, and PTF- 
MOP (P4FP#, P4MP#, and PTFMOP#, where # is the molar 
content (%) of 4-fluorophenoxymethyl, 4-methylphenoxyme- 
Ihyl, and 4-trifluoromethoxyphenoxymethyl side groups). 
The average molecular weights (M„) of these polymer series 
synthesized from the PCMS (M„^18,500) were always 
larger than 19,300 indicating that polymer modification from 
PCMS to the polymers in this paper gave rise to increase 
of average molecular weights of polymers, as expected 
(Table I). 

The thermal properties of these polymers were examined 
using DSC and TGA (Figures 2 and 3, Table I). All of the 
polymers were found to be amorphous because only one 
glass transition temperatures (Tg) was observed in their DSC 



Table 1. Results of the Characterization of the Polymers Using 
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Figure 1. Synthetic routes to the polymers. 
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PCMS 
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-100 
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2.25 
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P4MOP 


-100 


22,900 
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P4FP 


-100 


24,000 


2.40 
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P4FP80 


-80 
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332 


P4FP60 
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-40 
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2.44 


81 


332 


PTFMOP20 


-20 


22,200 


2.62 


96 


335 



''Obtained from GPC using THF as solvent with respect 
perse polystyrene as standards. *The decomposition 
(7^90%) is defined as 10 weight percent loss. 
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Figure 2. DSC thermograms of the polymers. 



thermograms (Figure 2). The Tg values of the polystyrene 
derivatives newly synthesized in this work, all of which 
have identical backbone structures, were found to be always 
lower than those of PS and PCMS. The decrease of Tg of 
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Figure 3. TGA ciirves of the polymers. 

polystyrene derivatives having bulky substituents in the side 
chain was reported before; for example, the TgS of the poly 
(4-phenoxystyrene), poly(4-p-toluoylstyrene), and 2-naph- 
thoxymethyl-substituted polystyrene are lower than that of 
polystyrene.^^'"^^ The lower Tg values of polymers having 
bulky side groups have been ascribed to the increase of the 
free volume in the polymer."^^"^^ For the same reason as the 
molar content of the bulky side group increases, the Tg of 
the polymers decreases (Table I). 

The thermal decomposition temperatures (Ta,9Qv^ of the 
polystyrene derivatives were also found to be lower than 
that of polystyrene (Figure 3 and Table I). The lower 
decomposition temperature of the polystyrene derivatives 
could be ascribed to the incorporation of an oxymethyl 
group having a lower activation energy of thermal decom- 
position."^^ Overall, the incorporation of the various phe- 
noxymethyl side groups into the polystyrene decreases the 
glass transition and thermal decomposition temperatures of 
the polymers. 

At first the LC alignment behavior of the LC cells fabri- 
cated with the unrubbed films of the homopolymers was 
investigated. Random planar LC alignment was observed 
for the LC cells fabricated using the unrubbed films of PS, 
PHP, and P4MOP and homeotropic LC alignment was 
observed for those fabricated from the unrubbed films of 
4MP, P4FP, and PTFMOP. The polarized optical micros- 
copy (POM) images of the LC cells fabricated with the 
unrubbed films of the copolymers of P4MP, P4FP, and PTF- 
MOP, which show homeotropic LC alignment, were observed, 
in order to investigate the effect of the amount of phe- 
noxymethyl side groups on the LC alignment property. Fig- 
ure 4 shows the dark and conoscopic POM images of the 
LC cells made from these copolymers. The LC cells fabri- 
cated with the P4FP# and P4MP# films having side group 
content of less than about 40 mol% (P4FP20, P4FP40, 
P4MP20, and P4MP40) show LC textures with birefrin- 
gence in the dark images, while homeotropic LC alignment 
behavior was observed for the LC cells fabricated with the 



#"100 #5is6Q #~40 #"20 




Figure 4, Dark and conoscopic polarized optical microscopy 
(POM) images of the LC cells made from (a) P4FP#, (b) P4MP#, 
and (c) PTFMOP# films according to the molar contents of the 

side functional groups in the polymer (# = the contents (%) of the 
side functional groups). 

poljaner films having phenoxymethyl side group content 
larger than about 60 mol% (P4FP60, P4FP80, P4FP, 
P4MP60, P4MP80, and P4MP). On the contrary, all of the 
LC cells made from the unrubbed films of PTFMOP# films 
showed homeotropic LC alignment behavior, indicating that 
only a small amount of 4-trifluoromethoxy groups in the 
phenoxymethyl-substituted polystyrene can produce homeo- 
tropic aligranent. Therefore, the homeotropic LC aligning 
ability of the type of phenoxymethyl side groups increases 
in the order of 4-phenoxymethyl = 4-methoxyphenoxyme- 
thyl < 4-fluorophenoxymethyl = 4-methylphenoxymethyl < 
4-trifluoromethoxyphenox3nnethyl side groups. This order 
was found to be related to the surface eneigy values of the 
polymer films discussed later in this paper. 

The LC alignment behavior on the rubbed polymers, such 
as the aligning ability and alignment direction, was investi- 
gated by observing the POM images of the twisted nematic 
(TN) LC cells. Figure 5 shows the dark and conoscopic 
(inlet) POM images for the LC cells made from the rubbed 
polymer films with a rubbing density of 100. The LC cells 
made from the PHP and P4FP films show homogeneous 
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(e) 

Figure 5. Dark and conoscopic polarized optical microscopy 
(POM) images (inlet) of the LC cells made from rubbed polymer 
((a) PHP, (b) P4MOP, (c) P4FP, (d) P4MP, and (e) PTFMOP) 
films with a rubbing density of 100. 

planar LC alignment behavior, as shown in Figures 5(a) and 
5(c), respectively. However, the homogeneity of these LC 
cells was lost after a few days, indicating that the LC align- 



ment ability of these films is not good similar to that of 
rubbed polystyrene. Figure 5(b) shows that the rubbed 
P4MOP film induces only random planar LC alignment. 
The LC cells fabricated with the rubbed P4MP and PTF- 
MOP films show homeotropic LC alignment behavior (Fig- 
ures 5(d) and (e)). This homeotropic alignment of the LC 
cells made from the rubbed P4MP and PTFMOP films was 
maintained for more than 12 months after the first LC cell 
was made. 

The LC alignment direction of the LC molecules on the 
rubbed surface was further studied by measuring the polar 
diagrams of the absorbance of a dichroic dye (disperse blue 
1) in the LC cells fabricated using the rubbed polymer films 
with a rubbing density of 100 (Figure 6). The rubbed PHP 
and P4FP films also show maximum absorbances along the 
90^<r^ 270" directions, which are perpendicular with respect 
to the rubbing direction (Figures 6(a) and (b)). The polar- 
ized FTIR studies (discussed in the next paragraph) showed 
that the aromatic side groups on the rubbed surfaces of the 
PHP and P4FP films are oriented perpendicular with respect 
to the rubbing direction. The polar diagrams of the LC cells 
fabricated with the rubbed P4MP and PTFMOP films (Fig- 
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Figure 6, Polar diagrams of the absorbance of the dichroic dye (disperse blue 1) in antiparallel LC cells made from rubbed (a) PHP, (b) 
P4FP, (c) P4MP, and (d) PTFMOP films with a rubbing density of 100 as a function of rotation angle of the samples. 
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Table n. The LC Alignment Behavior of the LC Cells Made 
from Unrubbed or Rubbed Polymer Films 



Polymer 



LC Alignment Behavior 



Designation 


Before Rubbing 


After Rubbing" 


PHP 


Random planar 


Homogeneous planar 


P4MOP 


Random planar 


Random planar 


P4FP 


Homeotropic 


Homogeneous planar 


P4MP 


Homeotropic 


Homeotropic 


PTFMOP 


Homeotropic 


Homeotropic 



''The LC cells made from rubbed polymer films with a rubbing den- 
sity of 100. 

ures 6(c) and (d)) also show very good homeotropic LC 
alignment. Any good polar diagrams showing good orienta- 
tion of LCs on the rubbed P4MOP film could not be mea- 
sured due to the poor LC alignment. The LC alignment 
behavior of the LC cells is summarized in Table H. 

Polarized FTIR studies were performed to determine the 
orientation of the side groups with respect to the rubbing 
direction on the LC alignment behavior.^'^'^'^^'^^'^^''^^"'^^ Figure 
7 shows the IR spectra of the rubbed (a) PHP and (b) P4FP 
films with a rubbing density of 100 on a Si-wafer with the 
IR monitoring light parallel and perpendicular with respect 
to the rubbing direction; the C=C (1508 cm'^) peaks from 
the aromatic rings in the side chains are more intense when 
the polarization of the incident beam is perpendicular to the 
rubbing direction, indicating that the aromatic side groups 
are oriented more or less perpendicular with respect to the 
rubbing direction. Therefore, the perpendicular LC align- 
ment on the rubbed PHP and P4FP films should be arisen 
from the possible the favorable anisotropic interactions 
between the LC molecules and the aromatic side groups ori- 
ented perpendicular with respect to the rubbing direction. 
The IR spectra (not shown here) of the unrubbed polymer 
films did not have such a dichroic aspect for polarized IR 
light. We could also not observe any angular dependence in 
the IR spectra of the rubbed P4MOP, P4MP, or PTFMOP 
films, which induce random planar or homeotropic LC 
alignment behaviors. 

The pretilt angles of the antiparallel LC cells were mea- 
sured in order to determine the effect of the rubbing density 
on the LC alignment direction (Figure 8). The pretilt angles 
of the LCs on the rubbed PS and PHP films with a rubbing 
density of < 50 and on the unrubbed or rubbed P4MOP 
films could not be measured, due to their poor LC align- 
ment. Pretilt angles of approximately 0"^ on the rubbed PS 
and PHP films were obtained at a rubbing density of > 50. 
In the case of the P4FP, P4MP, and PTFMOP films, pretilt 
angles of about 90" were observed for the LC cells made 
fi'om the unrubbed polymer films. As the rubbing density 
increases fi'om 0 to 250, the pretilt angle decreases fi'om 90" 
to 86° and from 90° to 87° for the rubbed P4MP and PTF- 
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Figure 7. FTIR dichroic spectra of rubbed (a) PHP and (b) P4FP 
on Si-wafer film with a mbbing density of 100. Solid and dotted 

line indicate the results obtained from the IR soiirce parallel and 
perpendicular with respect to the rubbing direction, respectively. 
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Figure 8, Pretilt angles of the LC cells fabricated with rubbed 
polymer films as a function of rubbing density. 
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MOP films, respectively, indicating that their homeotropic 
alignment behaviors are still maintained. For the LC cell 
made from the rubbed P4FP film, as the rubbing density 
increases from 0 to 50, the pretilt angle decreases gradually 
from 90"" to 87^^, then decreases to about 0"" when the rubbing 
density increases above 100, indicating that the LC align- 
ment direction changes fi*om homeotropic to homogeneous 
planar LC alignment. 

It has been known that the high pretilt angles of LC mole- 
cules required to produce homeotropic alignment are related 
to the low surface energy values of the alignment layer and/ 
or the steric repulsions between the LC molecules and the 
alignment layers."^^'"^^"^^ Therefore, polyimides having long 
alkyl side groups have been widely used to align LCs per- 
pendicular to the surface of the alignment layer, because the 
long alkyl groups can produce low surface energy layers 
due to their steric effect/ ^'^^ We also found that the LC 
alignment behavior on the polystyrene derivatives in this 
study could be ascribed to the surface energy values. Table HI 
lists the surface energy values of the polymer films based on 
the static contact angles of water and methylene iodide. 



Table III. Surface Energy and Homeotropic LC Aligning 
Ability of Polymer Films 



Polymer - 
Designation 


Contact Angle (y 

. Methylene 
Water -.<■. 

Iodide 


- Surface Energy 


Homeotropic 
LC Aligning 
Ability 


PS 


82 


28 


45.54 


X 


PCMS 


82 


14 


49.51 


X 


PHP 


82 


30 


44.81 


X 


P4MOP 


83 


19 


48.26 


X 


P4FP 


82 


36 


42.44 


o 


P4FP80 


82 


35 


42.85 


o 


P4FP60 


82 


34 


43.25 


o 


P4FP40 


82 


31 


44.43 


X 


P4FP20 


82 


21 


47.80 


X 


P4MP 


85 


33 


43.25 


o 


P4MP80 


85 


32 


43.66 


o 


P4MP60 


84 


32 


43.77 


o 


P4MP40 


83 


28 


45.41 


X 


P4MP20 


82 


18 


48.61 


X 


PTFMOP 


94 


68 


25.14 


o 


PTFMOP80 


92 


67 


26.04 


o 


PTFMOP60 


90 


65 


27.42 


o 


PTFMOP40 


88 


62 


29.29 


o 


PTFMOP20 


82 


57 


33.26 


o 



"Measured from static contact angles. ^Calculated from Owens- Wendt's 
equation. 
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Figure 9, Surface eneigy of the polymers as a function of the 
mole percent of the side functional groups. 

Those polymers having smaller surface energy values such 
as P4FP, P4MP, and PTFMOP show homeotropic LC align- 
ment behavior. The smaller surface energy values for P4FP 
and PTFMOP could be ascribed to the fluorine groups in the 
polymer, as reported by others.^^'^^ The relatively small sur- 
face energy of P4MP compared w^ith other non-fluorinated 
polymers could be ascribed to its side terminal CH3 
groups.'^^ Although P4MOP also has side terminal CH3 
groups, the surface energy of this polymer is relatively 
large, because the additional oxygen attached to the CH3 
group increases the dipole interaction. We found that the 
unrubbed films having surface energy values of less than 
about 44 mJ/m" show homeotropic LC alignment, and this 
trend can be seen very clearly in Figure 9; the polymer films 
in the upper and lower parts of the dashed line show planar 
and homeotropic LC alignment behaviors. The surface 
energy values of the rubbed films were also measured in 
order to investigate the effect of the wettability on the pretilt 
angles of the LCs on rubbed surfaces as a function of the 
rubbing density. We found that the surface energy values on 
the rubbed polymer films were almost the same as those on 
the unrubbed polymer films. Therefore the changes of the 
pretilt angles and LC orientation after the rubbing process 
are not caused by the changes of the surface energies but by 
the changes of the molecular orientation on the polymer sur- 
faces. The changes of the molecular orientation on the poly- 
mer surfaces caused by the rubbing process are confirmed 
by the FTIR dicliroic spectra shown in Figure 7 as well as 
by the reports of many others.^ "^'^^'^^"^^ 

Conclusions 

A series of polystyrene derivatives containing various 
phenoxymethyl side chain groups were synthesized by the 
reactions between polychloromethylstyrene with phenol, 4- 
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fluorophenol, 4-methoxyphenol, 4-methylphenol, and 4-tri- 
fluoromethoxyphenol in order to investigate the effect of the 
phenoxymethyl terminal moieties in the side chain on their 
liquid crystal (LC) alignment properties. The LC cells made 
from the unrubbed films of 4-fluorophenoxymethyl-substi- 
tuted polystyrene, 4-methylphenoxymethyl-substituted poly- 
styrene, or 4-trifluoromethoxyphenoxymethyl- substituted 
polystyrene showed very uniform homeotropic LC align- 
ment behavior. This could be ascribed to the incorporation 
of the fluoro, methyl, or trifluoromethoxy groups into the 
number 4 position of phenoxymethyl to produce polymer 
surfaces having low surface energy values of less than 44 
mJ/m^. When the LC cells were fabricated from the rubbed 
polymer films with a rubbing density of 100 using phe- 
noxymethyl-substituted polystyrene or 4-fluorophenoxyme- 
thyl- substituted polystyrene, homogeneous planar and 
perpendicular LC alignment with respect to the rubbing 
direction was observed. This homogeneous planar and per- 
pendicular LC alignment behavior was ascribed to the 
favorable anisotropic interactions between the LC mole- 
cules and the side groups that were preferentially oriented 
perpendicular with respect to the rubbing direction. 
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